Seven different types of cytoplasmic male sterility (CMS) are known for the grain sorghum (Sorghum bicolor L. Moench), however, only A1 (milo) is used in heterotic hybrid breeding. The genetic control of pollen fertility restoration of CMS A1 is complex and determined by two or three Rf (Restoration of Fertility) genes, and also by a number of modifiers. It is very little known about molecular mechanisms of CMS A1 and fertility restoration. Only one gene, Rf1, is identified at the molecular level (R.R. Klein et al., 2005). In the present paper we have demonstrated for the first time the nucleotide polymorphism in the coding regions of the recessive and dominant alleles of Rf2 gene and also of the candidate RFL-PPR gene homologous to the rice Rf1 gene. . Here, we studied polymorphism of the CMS-Rf genetic system related traits in sorghum accessions from the VIR collection, including the fertility restorers k-928 and k-929; a half-restorer k-1362, the sterile lines A-10598 and A-83 (CMS A1) and their fertile analogs, the F 8 -F 12 BC 1 -BC 2 sister lines resistant to Schizaphis graminum Rond. which have been isolated among the hybrids derived from crosses between the sterile (CMS A1) line N-81 and lines k-929 and k-928, and also hybrids between the sister lines. For investigating variability of candidate genes associated with the CMS-Rf genetic system the reference sequences were selected from the bioinformatic database (http://www.ncbi.nlm.hih.gov), the eighth specific primers were designed, and the fragments amplified on the DNA of genotypes differing by the ability to suppression of the CMS phenotype were sequenced. In the CMS lines and fertility restorers a significant polymorphism (18 polymorphic sites) was revealed in the 825 bp fragment of the Rf2 coding region (reference fragment XM_002459403.1, chromosome SDI02) and also in RFL-PPR candidate gene located in the chromosome 3 (reference fragment XM_002458104.1). The sequenced regions of the structural nuclear gene ALDH2b encoding mitochondrial aldehyde dehydrogenase, the maize Rf2 gene homolog, and also of the mitochondrial F0F1 ATPase alpha subunit were identical in the CMS and fertility restorer lines. Variability of pollen fertility indices was studied using acetocarmine stained cytological preparations. The lines resistant to S. graminum, and their hybrids differed in the percentage of stained (fertile) pollen grains, the presence of anomalous large pollen grains (54-70 m in diameter), giant pollen grains (up to 84 m in diameter) and deformed pollen grains. In the fertile F 8 -F 12 BC 1 -BC 2 lines which derived from the hybrids produced in crossings with fertility restorers, the frequency of stained pollen grains was relatively high and reached 72.2-83.8 % for k-929, and 57.4 and 63.4 % in two lines, respectively, for k-928; large pollen grains occurred at different frequency in five lines, and the giant ones were observed in two lines. The variability in pollen fertility could be due to the differences in the alleles derived from the recurrent parent.
The phenomenon of cytoplasmic male sterility (CMS) was discovered in the United States in 1931 by M. Rhoades and in the USSR by M.I. Khadzhinov (All-Union Institute of Plant Industry -VIR). To date, it has been described for more than 150 species of plants [1, 2] . CMS is widely used in the production of hybrid seeds of many crops (maize, rice, rape, cotton, sunflower, cabbage, etc.). The creation of heterotic hybrids based on CMS is considered as a priority of modern breeding programs for sorghum (Sorghum bicolor L. Moench), an important cereal crop widely spread in arid and semi-arid regions of the planet. The first mention of heterotic hybrids of sorghum dates back to 1927 [3, 4] ; however, commercial hybrids were made only after the discovery of stably inherited cytoplasmic male sterility A1 (milo) in Kaffir sorghum and the sources of pollen fertility restoration [5] . Later, alternative types of CMS -A2-A6, 9E [6] were identified, but because of the difficulties in obtaining reliable sources of fertility restoration genes, as well as the epigenetic variability of the trait depending on environmental conditions [7] [8] [9] , CMS A1 only is used for breeding programs [10] . At least two main genes, Rf1 [11] and Rf2 [10] , whose dominant alleles are responsible for the restoration of the A1-milo CMS fertility, have been identified by hybridological analysis. Their manifestation depends on the environmental conditions and the action of the modifier genes. It is also suggested that in the case of CMS A1, pollen fertility restoration is controlled by the dominant alleles of the main and two duplicated complementary genes, whereas it is determined by the dominant alleles of the three genes interacting complementarily in CMS A2 and A3 [12] . The Rf5 gene and a number of modifiers that restore the pollen fertility of CMS A1 and A2 have been found [13] . Fertility restoration with CMS A3 is controlled by dominant alleles of Rf3 and Rf4 genes at gametophyte level [14] , and is explained by paramutations of Rf genes at sporophyte level [15] . The molecular mechanisms of CMS manifestation and fertility restoration in sorghum have been little studied. It has been shown that, like in other plants, sorghum CMS is caused by aberrant mitochondrial genes [16] .
Most of the Rf genes characterized to date (in petunia, maize, rice, radish) encode proteins that contain repeating motifs of 35 amino acid residues (PPR, pentatricopeptide repeats) and regulate the coordinated work of the nucleus and mitochondria. PPR genes with the fertility restoration function are allocated to a separate subfamily RFL-PPR (Restoration of Fertility Like-PPR). The structural and functional diversity of PPR-RFL genes is supported by the variability of PPR motifs, as well as by the complex cluster organization of Rf locus in the genome [17] [18] [19] .
Only one gene for pollen fertility restoration, Rf1, has been characterized for sorghum at the molecular level [11] . It was found that the locus Rf1 is in the linkage group 08 and includes four open reading frames (ORFs) that code for Ca 2+ -ATPase of the plasma membrane, cyclin D-1, and also an unknown mitochondrial protein containing 13 PPR motifs and belonging to the E-type of PPR genes subfamily. There are 19 polymorphic sites in the coding sequence and in the 5-or 3-end flanking regions of the dominant and recessive alleles of the candidate gene PPR13. Sorghum PPR13 gene differs significantly from other representatives of the PPR-RFL genes subfamily in the structure of PPR motifs [19] [20] [21] . Another candidate gene (Rf2) is located on 236,219 bp region of SDI02 chromosome. The region includes 31 ORFs, including one PPR gene characterized by high similarity to the rice gene Rf1 [10] . The polymorphism of the nucleotide sequences of the dominant and recessive alleles of the Rf2 locus has not yet been studied thus limiting the development of specific molecular markers for their identification. Other sequences of sorghum genome potentially associated with pollen fertility restoration were not identified, too.
The VIR collection of sorghum totals about 9 thousand accessions. In the collection, there are CMS A1 (milo) sterile lines, fertility restorers and sterility maintainers. In sorghum, like many other plants, cytological analysis of pollen in F 1 hybrids is used, in addition to seed setting rate under selfpollination, to assess the male fertility restoration [8, 13, 22] . However, the variability of this trait and the polymorphism of genomic sequences potentially associated with the CMS-Rf genetic system have not yet been studied yet in the samples of VIR collection.
In this study, we first reported on significant nucleotide polymorphism in coding regions of Rf2 gene recessive and dominant alleles (the reference fragment XM_002459403.1, chromosome SDI02), and also of the candidate gene RFL-PPR (the reference fragment XM_002458104.1) homologous to the rice gene Rf1.
In order to elucidate the character of variability associated with the CMS-Rf genetic system in sorghum lines, we studied nucleotide polymorphism of the candidate genes associated with the genetic system CMS-Rf, and compared the formation of pollen in fertile forms and plants with a sterile cytoplasm of type A1 (milo).
Techniques. Studied sorghum samples were the VIR collection accessions which differ in their ability to restore pollen fertility, i.e. fertility half-restorer k-1362; restorer lines k-928 and k-929; sterile lines A-10598 and A-83 based on CMS A1 (milo) and their respective fertile counterparts B-10598 and B-83; sister lines F 8 -F 12 BC 1 -BC 2 resistant to Schizaphis graminum Rond. which were derived from the hybrids produced by crossing sterile line (CMS A1) Nizkorosloe 81 (N-81) with the restorers k-928 and k-929; F 1 hybrids from crosses of the sterile and the fertile lines [23] . The lines k-928 and k-929 selected from the samples of grain sorghum Dzhugara Belaya from Western China possess different alleles of for resistance to S. graminum [24] . The sample k-1362 (Dzhugara Belaya, Syria) is a donor of resistance to S. graminum and the fertility half-restorer. For estimation of pollen fertility, mature anthers were collected early in the morning in the period of mass flowering and fixed in 70 % ethanol. The proportion of pollen fertile grains was counted according to Navashin method [cited from 25] in preparations stained with aceto-carmine glycerol (Zeiss Axioplan 2 imaging, Carl Zeiss, Germany). The percentage of fully stained (fertile), weakly stained and unstained pollen grains (PGs) was calculated based on at least 30 fields of view at a magnification of ½20 and considering pollen diameter, uniformity in diameter and the presence of abnormal PGs.
DNA was extracted according to a CTAB protocol [26] . Eleven sequences were identified as a result of bioinformatic search (GenBank database, NCBI, USA) (http://www.ncbi.nlm.hih.gov). These sequences have a homology to the nuclear Rf genes and mitochondrial genes associated with CMS in sorghum [27] and other plant species. Eight pairs of specific primers flanking the full-sized and internal fragments were designed based on four selected reference sequences (Table 1) . Amplicons produced with the developed primers using template DNA of genotypes, contrasting in pollen fertility, were purified in 1 % agarose gel and sequenced on a genetic analyzer ABI 3500xl (Applied Biosystems, USA). The alignment and analysis of the sequences were implemented using Mega 5.1 software (http://www.megasoftware.net/) [28] .
The means (M) and standard error of means (±m) were calculated for the fertile pollen grains number.
Results. To determine the variability of Rf2, one of the main genes for CMS A1 fertility restoration located on chromosome 8, we studied the polymorphism of fragments amplified using designed primers specific for the S. bicolor genomic sequence (XM_002459403.1) which contains PPR motifs and is the closest [10] to the sequence of rice Oryza sativa L. Rf1 gene restoring the fertility of CMS type BTII (Boro II) ( Table 1 ). In this, we revealed a similarity of the reference fragment with several fragments of sorghum genome (presumably, the gene Rf1 sequences) and also with the predicted fertility restorer genes of Setaria italica (L.) P. Beauv. and Zea mays L. The reference fragment length was 951 bp and the sequenced fragment size was 825 (positions 76-901). The length of in silico translated sequence was 275 bp. For the restorer lines k-928 and k-929, presumably carrying dominant alleles of Rf2, the studied sequences differed in six nucleotide substitutions, whereas sterile lines A-10598 and A-83, the carriers of recessive alleles, differed in three nucleotide substitutions. The reference sequence which originates from of BT ½ 623 line, a maintainer of sterility with a putative genotype rf2rf2, was more similar to the sequences of the sterile lines A-10598 and A-83 and differed from them in two and four polymorphic nucleotide positions, respectively. At the same time, the sequenced fragments of k-928 and k-929 genomes differed from the reference fragment and fragments found in sterile lines in 18 nucleotides substitutions and 7 amino acid substitutions (Fig. 1) . It is known that the polymorphism of the coding sequences of Rf genes of plants, particularly Rf1 gene in sorghum, is associated with their functional status [11, 18] . We can assume that the polymorphic sequences identified in CMS lines and fertility restorers, are different allelic variants of gene Rf2 which products are involved in editing mitochondrial RNA. In the sequences, we found six and five PPR repeats for the carriers dominant and recessive Rf2 alleles, respectively. In general, the Rf2 locus polymorphism in the dominant and recessive allele carriers was relatively high (2.2 % of polymorphic sites).
Primers designed to amplify fertility restoration gene homologs in
We studied polymorphism of 2,801 bp XM_002458104.1 fragment located on chromosome 3, using three pairs of primers (Table 1, Fig. 2 ). XM_002458104.1 contains 17 PPR repeats and is the closest to nuclear gene Rfo of radish Raphanus sativus (L.) Domin., restoring the fertility of CMS Ogura [29] , and the gene Rf1 of rice O. sativa Japonica Group. The reference fragment and 818 bp DNA fragment of line A-83 genome were identical, but differed from the DNA fragment of the fertility restorer k-929 (17 polymorphic sites and 8 amino acid substitutions revealed) (Fig. 2) . The highest similarity (90 % identical nucleotide positions) was found between the identified fragment and XM_008677263.2 sequence from Gen- Rf2, one of maize genes restoring fertility of T-type CMS line, encodes the aldehyde dehydrogenase (ALDH), the enzyme catalyzing oxidation of alde-hydes. It is known that ALDH is involved in the detoxification of acetaldehyde, produced during the development of pollen, also ALDH may be involved in cell energy metabolism, especially during anther development, and possibly interacts with the mitochondrial protein URF13 related with the T-type CMS in maize [30, 31] . It is believed that the action of ALDH as a fertility restorer controlled by gene Rf2 is due to the tunnel cavities on the surface of the enzyme molecule, through which the protein can bind long-chain ligands of different lengths and/or potentially toxic products of the mitochondrial CMS gene expression which are harmful for pollen development [32] .
To test the hypothesis about the possible involvement of sorghum aldehyde dehydrogenase gene in control of pollen fertility restoration, we designed primers specific for coding sequence of the enzyme based on ALDH2b mRNA of S. bicolor (AB084898.1) from GenBank database. In sorghum ALDH2b, a gene of subfamily 2 of the extensive ALDH superfamily of higher plants, nucleotides located at the positions 858-1596 was homologous to the ALDH sequences of other cereal species including maize (94 % identical amino acid residues). At the same time, we found no differences between the fertility restorers and CMS lines in nucleotide sequences of this fragment. It should be noted that we succeeded to determine the sequence of an extended 2055 bp region of ALDH2b gene of line A-83, but sequenced and reference fragments differed considerably in the N-terminal regions. It may be due to a considerable variability of residues in the specified part of the molecule [32] or the presence in the amplified product of an intron or introns information of which is still lacking for sorghum and maize ALDH genes.
It is known that promoter regions of ATP-synthase genes or parts of these genes are found in many mitochondrial loci associated with CMS. For example, gene urf13-T associated with T-type CMS in maize contains 59 nucleotides from the regulatory region of the atp6 gene. Gene orf221 linked to and cotranscribed with urf13-T was identified as a fragment of gene encoding a subunit of F0 component of ATP synthase F0F1 [16] . We used AJ278689.1 sequence (GenBank database) of gene atpA encoding the  subunit of ATP-synthase F0F1 of line CS3541, the fertility restorer for CMS A1, as a reference sequence to analyze fragments of S. bicolor mitochondrial genome potentially associated with CMS A1. Aligned fragments had a length of 1183 bp and were identical in еру forms with sterile (A-83) and fertile (k-929) cytoplasm types. The translation products of these sequences in the CMS line and the restorer line, as well as the reference sequence AJ278689.1 and sequences coding  subunit of ATP-synthase F0F1 in maize, rice, Triticum aestivum L., T. durum L., and Secale cereale L. were highly homologous.
Thus, in this work, the polymorphism of nucleotide sequence fragments of a candidate gene Rf2 which controls fertility restoration for CMS A1 in sorghum was revealed for the first time. The greatest number of polymorphic sites was found when comparing these sequences in sterile lines and restorers. In particular, the nucleotide polymorphism was found in the fertility restorers k-928 and k-929 which served as parental forms for S. graminum resistant lines F 8 -F 12 BC 1 -BC 2 . These lines have sterile cytoplasm and, apparently, differ in allelic composition of Rf genes derived from the male parent. Despite the high homozygosity of the lines F 8 -F 12 BC 1 -BC 2 , their pollen fertility varied significantly.
The studied genotypes differed significantly both in the amount of fertile (stained) pollen grains and in their diameter (Table 2) . It has been reported [33] that normally the diameter of fertile PGs in diploid sorghum does not depend on the year condition and varies within 37.5-54.2 μm. PGs of more than 54.2 μm in diameter (large pollen grains) occur in diploid sorghum quite rarely and, appar-ently, contain an unreduced number of chromosomes. B-10598 line, the fertile analog of CMS A-10598 line, as well as k-1362 and k-928 (75.5 %, 100.0 % and 83.3 % of fertile PGs, respectively), was characterized by high pollen quality. At the same time, k-1362 and k-928 had a large number of large PGs with a diameter of 55 to 70 μm. Seven fertile lines F 8 -F 12 BC 1 -BC 2 resistant to S. graminum which were selected from the hybrids N-81 ½ k-928 and N-81 ½ k-929, showed a relatively high percentage of fertile PGs. This index was slightly higher for five lines in which k-929 served as the donor of the Rf genes (72.2-83.8 %, respectively) than that for two lines from crosses with k-928 (57.4 % and 63.4 %, respectively). Different frequency of large PGs of 55-70 μmin diameter showed five lines, and two lines had giant PGs of up to 84 μm in diameter. Only the line 2149/15 of seven analyzed sister lines had PGs uniform in the diameter. Since fertile lines have sterile cytoplasm inherited from the maternal form N-81, it can be assumed that their genotypes contain alleles of nuclear Rf genes derived from the male parents which to varying degrees influence pollen fertility restoration under sterile cytoplasm. Deformed PGs were encountered in two lines. The hybrids from the crosses of sterile lines resistant to S. graminum with presumably fertility-restoring sister lines also significantly differed in the proportion of fertile pollen, from 9.0 % to 58.3 % for different F 1 plants. One of the hybrids from crossing the sterile line with the sister maintainer line was completely sterile and did not form pollen while the other had pollen in the anther, which, however, was not stained, that is, was sterile. Thus, the variability in pollen fertility rates observed in the S. graminum resistant sister lines and in the interlinear hybrids derived from crossing with these lines indicates differences in the alleles of genes participating in fertility restoration (possibly minor genes or modifier genes), which is consistent with the hypothesis of complex genetic con-trol of the trait [13] .
Thus, the nucleotide sequence of Rf2, which is a candidate gene for fertility restoration of CMS A1 in sorghum, is polymorphic in the sterile lines A-10598 and A-83 and in the pollen fertility restorers k-928 and k-929 (Dzhugara Belaya). A 825 bp fragment of coding sequence of Rf2 gene in the carriers of recessive and dominant alleles differs in 18 polymorphic sites, and the translated sequence differed in seven amino acid substitutions. The genomic fragment of one of the PPR genes homologous to the rice gene Rf1 (XM_002458104.1) is highly polymorphic in the lines differing in ability to suppress CMS phenotype, and contains 17 polymorphic sites. Identified polymorphism can be used in the development of allele-specific molecular markers for Rf2 locus. The sequenced 1183 bp fragment of mitochondrial gene atpA, which encodes ATP synthase F0F1 subunit, and the 738 bp fragment of ALDH2b aldehyde dehydrogenase nuclear gene are identical in the studied lines. Lines F 8 -F 12 BC 1 -BC 2 resistant to Schizaphis graminum, which were selected among hybrids derived from crosses of CMS line Nizkorosloe 81 with fertility restorers k-928 and k-929, as well as hybrids between these lines differ in pollen fertility and the presence of large, giant and abnormal pollen grains. Since these lines have sterile cytoplasm, it can be assumed that they carry different alleles of genes derived from the recurrent parent that affect the manifestation of pollen fertility restoration. Grain sorghum lines resistant to S. graminum can serve as a model for studying mechanisms of pollen fertility restoration.
